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ABSTRACT
High-redshift quasar observations imply that supermassive black holes (SMBHs) larger than
∼ 109 M⊙ formed before z ∼ 6. That such large SMBHs formed so early in the history of the
Universe remains an open theoretical problem. One possibility is that gas in atomic cooling
halos exposed to strong Lyman-Werner (LW) radiation forms 104 − 106 M⊙ supermassive
stars which quickly collapse into black holes. We propose a scenario for direct collapse black
hole (DCBH) formation based on synchronized pairs of pristine atomic cooling halos. We
consider halos at very small separation with one halo being a subhalo of the other. The first
halo to surpass the atomic cooling threshold forms stars. Soon after these stars are formed, the
other halo reaches the cooling threshold and due to its small distance from the newly formed
galaxy, is exposed to the critical LW intensity required to form a DCBH. The main advantage
of this scenario is that synchronization can potentially prevent photoevaporation and metal
pollution in DCBH-forming halos. We use N-body simulations and an analytic approximation
to estimate the abundance of DCBHs formed in this way. The density of DCBHs formed in
this scenario could explain the SMBHs implied by z ∼ 6 quasar observations. Metal pollution
and photoevaporation could potentially reduce the abundance of DCBHs below that required
to explain the observations in other models that rely on a high LW flux.
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1 INTRODUCTION
High-redshift quasar observations imply that supermassive black
holes (SMBHs) larger than∼ 109M⊙ formed by z = 6. How these
black holes grew so large, so quickly, remains an open theoretical
problem (see reviews by Haiman 2013; Volonteri 2010). Black hole
seeds produced by the first metal free (pop III) stars would need to
accrete at the Eddington limit for the entire age of the Universe in
order to grow to 3×109M⊙ by z = 6 (assuming 10 per cent radia-
tive efficiency and an initial mass of 100M⊙). However, radiative
feedback is expected to prevent uninterrupted Eddington limited
accretion over such a long period of time (Johnson & Bromm 2007;
Alvarez et al. 2009; Milosavljevic´ et al. 2009).
A possible solution to this problem is that SMBH seeds form
through direct collapse of gas in atomic cooling (Tvir & 104K) ha-
los, resulting in 104 − 106M⊙ supermassive stars or quasi-stellar
envelopes which quickly collapse into black holes (for reviews see
Haiman 2013; Volonteri 2010). The larger mass of these black hole
seeds compared to pop III remnants reduces the tension between
the formation time of z = 6 quasars and the age of the Universe.
However, these black holes must still accrete gas over a signifi-
cant fraction of the available time (Tanaka & Haiman 2009; Tanaka
⋆ visbal@astro.columbia.edu
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2014). Another possibility is that black hole seeds accrete faster
than the Eddington limit at high redshift (Madau et al. 2014), but
we do not consider that scenario in this work.
To form a DCBH, efficient molecular hydrogen cooling lead-
ing to gas fragmentation and star formation must be prevented. This
most likely requires a strong Lyman-Werner (LW) background,
which destroys molecular hydrogen (Visbal et al. 2014). Simula-
tions and one-zone models have shown that the critical LW in-
tensity required to form a DCBH is, depending on the spectrum,
Jcrit ∼ 1000 (in units of 10−21ergs/s/cm2/Sr/Hz) (Shang et al.
2010; Wolcott-Green et al. 2011; Wolcott-Green & Haiman 2012;
Latif et al. 2014) . 1
The critical LW intensity is much higher than the expected
mean background (see e.g. Ahn et al. 2009; Fialkov et al. 2013;
1 There has been much confusion in the literature regarding the proper
Jcrit to use. Many authors have used Jcrit = 30 for pop II LW sources,
corresponding to a T = 104 K blackbody spectrum. However, a real-
istic pop II spectrum will not be a T = 104 K blackbody. For exam-
ple, assuming 10 Myr of continuous star formation with a Salpeter IMF
and a metallicity of Z = 0.001, the population synthesis models of Star-
burst99 (Leitherer et al. 1999) predict spectra more similar to blackbodies
with T ∼ several× 104 K than T ∼ 104 K. For blackbody spectra with
T = 2 × 104 − 105 K, one-zone models predict Jcrit ∼ 1000 (for more
details see Wolcott-Green et al., in prep).
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Visbal et al. 2014). Thus, in order for an atomic cooling halo to be
exposed to Jcrit, it must have a bright nearby galaxy. Analytical and
numerical studies have aimed to quantify the abundance of close
pairs of halos which could potentially achieve Jcrit (Dijkstra et al.
2008, 2014; Agarwal et al. 2012, 2014; Yue et al. 2014) and have
found that there may be enough close pairs to explain the abun-
dance of bright z = 6 quasars.
However, one potential obstacle to DCBH formation that re-
quires more careful study is whether the progenitors of an atomic
cooling halo will be ionized and photoevaporated before a DCBH
is formed. This could prevent DCBH formation because the atomic
cooling halo will lack a dense gas core. Even if, after the halo
reaches the atomic cooling threshold, gas falls back in, the higher
electron fraction could catalyze the formation of molecular hydro-
gen effectively raising Jcrit (Johnson et al. 2014).
Recently, Dijkstra et al. (2014) estimated the abundance of
DCBHs taking into account supernovae winds from neighboring
halos that pollute the intergalactic medium (IGM) with metals
and prevent DCBH formation. In these models, DCBHs form near
galaxies in massive, ∼ 1011 − 1012M⊙ halos, at distances of ∼
30 kpc. However, we argue that the progenitors of DCBH-forming
halos near such large galaxies will be susceptible to early photoe-
vaporation due to the following argument. A typical 1012M⊙ halo
at z = 10 had one or more ∼ 1011M⊙ progenitors at z = 15
(which we determine with the hybrid progenitor mass function
from Barkana & Loeb (2004)). Assuming ∼ 10 ionizing photons
released into the IGM for each baryon collapsing into a dark matter
halo over 10 percent of the Hubble time and an IGM clumpiness
of C = 〈n2H〉/〈nH〉2 ∼ 3 (Pawlik et al. 2009; Finlator et al. 2012),
a 1011M⊙ halo will quickly (in < 10 Myr) produce an ionized
bubble with r ∼ 65 kpc. Utilizing the fits of Iliev et al. (2005) (as-
suming a T = 5× 104 K blackbody spectra) to determine the pho-
toevaporation time and the spherical collapse model to estimate the
maximum distance between the DCBH-forming halo’s progenitors
and the 1011M⊙ halo at z ∼ 15, we find that the progenitors of the
DCBH-forming halo can be photoevaporated in less than 200 Myr.
The time from z = 10 − 15 corresponds to ∼ 200 Myr, so by
z = 10 the DCBH-forming halo is likely to be ionized, effectively
raising Jcrit.
Dijkstra et al. (2014) assume Jcrit = 300 in their fiducial
model and find that the number density of DCBH is roughly ∼ 100
times larger than that necessary to explain the brightest z = 6
quasars. However, if Jcrit ∼ 1000 or higher and the effect of pho-
toevaporation is important, the abundance they compute may be too
low to explain observations.
In this paper, we introduce a DCBH formation scenario that
bypasses the obstacle of photoevaporation and potentially the is-
sue of metal contamination from supernovae winds. We consider a
pair of halos at very small separation that cross the atomic cooling
threshold at nearly the same time. Molecular cooling and star for-
mation is likely to be prevented in these halos’ progenitors due to
the mean cosmic LW (this is discussed in detail in §4). The first
halo in the pair to cross the cooling threshold forms stars. The
halos merge, with the second halo orbiting the first as a subhalo.
At nearly the same time stars are made in the first halo, the sec-
ond halo crosses the atomic cooling threshold. Because it is very
close to the newly formed galaxy in the first halo, it is exposed to
Jcrit and forms a DCBH. This scenario avoids photoevaporation
because, provided the two halos are not in a large-scale ionized re-
gion (most of the IGM is expected to be neutral at z > 10), the
DCBH-forming subhalo is only exposed to ionizing radiation for a
short period of time. This picture may also avoid metal pollution
because, depending on the mass of the metal free stars formed in
the star-forming halo, the DCBH can form before the stars reach
the end of their lives and expel metals through supernovae winds.
This paper is structured as follows. In §2, we summarize the
synchronized halo scenario and show that ram pressure stripping,
tidal disruption, photoevaporation, and metal contamination are
unlikely to prevent DCBH formation. We predict the abundance
of DCBHs formed this way in §3 using both analytical calcula-
tions and N-body simulations. In §4 we discuss how regions large
enough to host the brightest z = 6 quasars will form DCBHs
at higher redshifts than our numerical simulations, but that there
will still be a high enough number density of DCBHs to explain
the observations. We also compute how high the LW background
must be to prevent star formation and subsequent metal pollution
in the progenitors of atomic cooling halos. We summarize our re-
sults and discuss our conclusions in §5. Throughout we assume
a ΛCDM cosmology consistent with the latest constraints from
Planck (Ade et al. 2013): ΩΛ = 0.68, Ωm = 0.32, Ωb = 0.049,
h = 0.67, σ8 = 0.83, and ns = 0.96. Throughout we use a "c" to
distinguish between comoving and physical units.
2 DCBH FORMATION THROUGH SYNCHRONIZED
ATOMIC COOLING HALOS
As described above, we consider DCBH formation through the syn-
chronized formation of two atomic cooling halos at small separa-
tion. In particular, we consider halos close enough for one to be-
come a subhalo of the other. The first halo forms a galaxy as the
second halo crosses the atomic cooling threshold. The galaxy pro-
vides enough LW radiation to shut off molecular cooling leading
to DCBH formation. In this section, we estimate the time it takes
the core of an atomic cooling halo to collapse and the flux required
from the galaxy-forming halo to produce a DCBH. We also show
that ram pressure stripping, tidal disruption, and photoevaporation
should not pose serious problems. Finally, we discuss how metal
enrichment in the DCBH-forming subhalo from supernovae winds
could be avoided in this picture.
2.1 Collapse time
Here we compute how long it takes the gas core of a Tvir = 104K
atomic cooling halo to collapse in free fall. The corresponding
virial mass isMc = 3×107M⊙ at z = 10 assuming a mean molec-
ular weight of µ = 1.22 for neutral primordial gas. We assume a
static NFW dark matter profile with c = 5 (Navarro et al. 1997)
and a constant density baryon core with density ncore = 5 cm−3
and radius of rvir/10. This is consistent with cosmological simu-
lations without radiative cooling (Visbal et al. 2014). Solving nu-
merically for the trajectory of the edge of the gas core, we find
that it takes approximately tcoll ∼ 10 Myr for complete collapse
of the core. Throughout this paper we use this as the time it takes
a halo to create stars or a DCBH after it crosses the atomic cool-
ing threshold. Due to the self-similar nature of gas and dark mat-
ter density profiles we expect this characteristic time to scale with
redshift as tcoll ∝ (1 + z)−3/2. Note that the cooling timescale,
tcool = 1.5kBTngas/(n
2
HΛ), in an atomic cooling halo is expected
to be much smaller than tcoll.
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2.2 Required flux
In order for the second halo to form a DCBH, we assume it must
be exposed to Jcrit ∼ 1000 (Wolcott-Green et al., in prep). We
assume this halo must be exposed to Jcrit for the entire duration
of its collapse (tcoll = 10Myr). This is a conservative assumption,
since a weaker flux will be required to suppress molecular cooling
early on when the density is low.
To maintain Jcrit on the DCBH-forming halo, a star-forming
halo at separation d must have a LW luminosity of
NLW,crit = 1.1× 10
52
(
d
0.5 kpc
)2(
Jcrit
1000
)
photons/s. (1)
We consider a star-forming galaxy formed from metal free gas. To
estimate the LW flux, we use the lifetime averaged stellar prop-
erties computed in Schaerer (2002). Assuming d = 0.5 kpc and
Jcrit = 1000, if all of the stars are 5M⊙, 19 per cent of the gas in
the halo must form stars to achieve 1.1 × 1052 LW photons/s.
More massive stars produce more LW photons per baryon and
would require less efficient star formation. For the same d and Jcrit,
if all stars were 15M⊙ only 1.4 per cent of the gas would need to
turn into stars to achieve this flux (0.18 per cent for 120M⊙). Given
the large uncertainty associated with the pop III initial mass func-
tion (IMF) in an atomic cooling halo, it is impossible to precisely
predict the flux from the first halo. However, even if a majority of
the stars are small (∼ 5M⊙) it would still be plausible to achieve
JLW = 1000 at close distances (∼ 4.75 per cent of the gas would
have to form stars for d = 0.25 kpc).
2.3 Ram pressure stripping and tidal disruption
Next, we consider whether the cores of atomic cooling halos
will be disrupted by ram pressure stripping as they orbit one
another at small distances. Following the analytic treatment of
(McCarthy et al. 2008), the core of a halo will remain intact pro-
vided
Pram = ρmv
2
6
αGMtot(Rcore)ρgas(Rcore)
Rcore
, (2)
where ρm is the gas density the core passes through, v is the relative
orbital velocity, and α is an order unity parameter set by the gas and
dark matter density profiles. Mtot(r) and ρgas(r) are the total mass
(gas plus dark matter) contained within radius r and the gas density
at r, respectively. As before, we assume an NFW dark matter pro-
file with c = 5 and a gas profile with a constant core out to rvir/10
and a ρ ∝ r−2gas envelope. This choice of profiles corresponds to
α ∼ 2. From the N-body simulations described above, we find that
our synchronized halos have relative velocities of ∼ 20 km/s at
small (∼ few × 0.1 kpc) separation. For α = 2, Eq. 2 implies
the core will be stable to a radius of r = 0.14rvir = 0.13 kpc.
Even for α = 1, which is smaller than expected for realistic pro-
files, the gas cores will be stable to down to an orbital radius of
r = 0.2rvir = 0.18 kpc. Thus, while this should be verified in
future hydrodynamical simulations, we do not expect ram pressure
stripping to be a problem for the synchronized atomic cooling pairs
scenario.
We also investigate whether the gas cores in atomic cooling
halos could be disrupted by tidal forces. Tidal disruption is unim-
portant provided that the tidal force is smaller than the gravitational
binding force at the surface of the core
GMtot(Rcore)
R2core
>
GM ′tot(r −Rcore)
(r −Rcore)2
−
GM ′tot(r)
r2
. (3)
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Figure 1. Neutral gas fraction as a function of time for a 2× 107M⊙ halo
at z = 10 exposed to J21 ∼ 1000 (assuming one ionizing photon per LW
photon and a T = 105 K blackbody spectrum) computed with the fits of
Iliev et al. (2005).
Here the primed and unprimed masses denote different halos in the
pair. Dark matter dominates the surface gravity of the core before
collapse, so we use the NFW profile to approximate Mtot. Check-
ing with this approximation, we find that even if we assume there
is a mass ratio of a few between our pair of halos, tidal disruption
will not be important even near the radius where the cores begin to
overlap.
2.4 Photoevaporation
As discussed above, if the gas in the progenitors of our atomic cool-
ing halos is ionized and photoevaporated, DCBH formation could
be prevented. This is because the gas core would not be present as
the halo crosses the atomic cooling threshold.
We consider how long a halo just below the atomic cool-
ing threshold (2 × 107M⊙) can be exposed to ionizing radia-
tion before being photoevaporated. In Figure 1, we plot the neu-
tral fraction as a function of time for this halo using the fits from
Iliev et al. (2005), assuming J21 = 1000 and one ionizing photon
per LW photon. This assumption is an overestimate for small pop
III stars, but fairly accurate for large ones. The ratio of ionizing
to LW photons expected from the calculations of Schaerer (2002)
is 0.029/0.74/0.81/0.85/0.90 for 5/15/25/40/200M⊙ stars. In
the ∼ 10 Myr it takes for a DCBH to form, most of the gas in the
halo will remain neutral. Thus, provided that our halos do not sit
in a large-scale ionized region, we do not expect photoionization
to be a problem. This is mainly due to the fact that the synchro-
nization of the star-forming and DCBH-forming halos ensures that
the DCBH-forming halo is only exposed to ionizing radiation for a
short time.
2.5 Metal enrichment
In addition to preventing photoevaporation, synchronization of
atomic cooling halos can prevent metal contamination in the
DCBH-forming halo. The lifetime of 5/15/25/40/200 M⊙ pop
III stars are 62/10/6.5/3.9/2.2 Myr respectively (Schaerer 2002).
This suggests that given tight synchronization, a DCBH could po-
c© 0000 RAS, MNRAS 000, 000–000
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tentially form before the stars in the partner halo die and eject their
metals through supernova winds. Additionally, a 100 km/s wind
would take ∼ 5 Myr, to travel 0.5 kpc. Even if the metals do
reach the DCBH before it is formed, the gas core forming a DCBH
may have already collapsed to such high densities that metals from
winds cannot penetrate.
3 ABUNDANCE OF SYNCHRONIZED PAIRS
In this section, we estimate the abundance of DCBHs formed
through the scenario of synchronized atomic cooling haloes de-
scribed above. We focus on redshifts near z ∼ 10, since this is
roughly the latest cosmic time that a DCBH can form and still grow
as large as the black holes residing in the brightest z ∼ 6 quasars
(assuming 10 per cent radiative efficiency and Eddington limited
accretion).
We assume that one of the atomic cooling halos forms stars
tcoll ∼ 10 Myr after it reaches the cooling threshold (Mc =
3 × 107M⊙). The DCBH-forming halo merges with this halo and
becomes a subhalo near this time. This subhalo must cross the
atomic cooling threshold during a window ∆tsync after stars are
formed in its partner halo. The size of this window will be set by
how long the subhalo can be exposed to ionizing radiation without
its gas core being photoevaporated. A small ∆tsync may also allow
a DCBH to form before it is polluted with metals from supernovae
winds emitted by the nearby galaxy. When the DCBH-forming sub-
halo crosses the atomic cooling threshold it must orbit its neighbor
closely enough to be exposed to Jcrit, but far enough away to pre-
vent ram pressure stripping. The subhalo must remain in this dis-
tance range until the DCBH has formed tcoll ∼ 10 Myr later. We
refer to this range as the “required orbital range.” In the follow-
ing subsections, we perform an analytic estimate for the number of
DCBHs formed in this manner and compare to the number found
directly in N-body simulations.
3.1 N-body simulations
To determine the abundance and properties of synchronized atomic
cooling halos, we ran a set of N-body simulations with the publicly
available code GADGET2 (Springel 2005). We performed 5 runs
with different initial conditions created with 2LPT (Crocce et al.
2006). Our simulations each have 7683 particles in a 15 cMpc box.
This corresponds to∼ 100 particles per atomic cooling halo, which
is enough to reliably track these halos as substructure of larger sys-
tems (Onions et al. 2012). The simulations were started at z = 200
and approximately 20 snapshots for each run were saved between
z = 12 and z = 10 (with 3.33 Myr separation at the redshifts
where we search for DCBH-forming pairs). We used the ROCK-
STAR halo finder (Behroozi et al. 2013) to locate and track halos
and subhalos over time.
3.2 Analytic estimate
The number of DCBHs formed per unit redshift per volume can be
approximated by
dnDCBH
dz
∼
dncool
dz
(
dncool
dz
∆zsync
∫ R.O.R.
dr4pir2[1 + ξ(r)]fs(r)
)
,
(4)
where dncool
dz
is the number density of halos which cross the cool-
ing threshold between z and z + dz, ξ(r) is the two-point func-
tion which describes the enhancement of halo pairs due to cluster-
ing, and ∆zsync is the redshift range corresponding to ∆tsync. The
fraction of sub-halos that are found at radius r when they cross the
cooling threshold and stay within the required orbital range until a
DCBH is formed is denoted by fs(r). The quantity in parentheses
represents the fraction of atomic cooling halos that have a synchro-
nized partner which forms a DCBH. The integral is evaluated over
the required orbital range.
We examine our N-body simulations at z ∼ 10− 11 to deter-
mine values of the terms in Eq. 4. We find dncool
dz
∼ 4 cMpc−3.
To estimate fs, we identify all subhalos with M/Mc = 1 − 1.5
in parent halos M/Mc = 2 − 3 (such that the combined mass is
approximately twice the atomic cooling mass). We then determine
the fraction that stay within the required orbital range for tcoll. We
specifically identify subhalos because all pairs at the required or-
bital ranges we consider are in the same distinct halos. If we were
considering larger separations we would consider halo-halo pairs
as well (i.e. not just subhalos). We find that fs ∼ 0.2 for a required
orbital range of r = 0.2 − 0.5 kpc. Due to the photoevaporation
constraints described above, we assume the DCBH-forming halo
has a 10 Myr window to start forming before it is photoevaporated,
corresponding to ∆zsync ∼ 0.16 (assuming Jcrit ∼ 1000, after
∆tsync + tcoll = 20 Myr, more than 40 per cent of the gas will
remain neutral and we expect the core to still be intact).
We measure ξ(r) directly from our N-body simulation. When
computing ξ(r), we consider the correlation between two mass
bins. In the first bin, we consider distinct halos (i.e. not subha-
los) with M1/Mc = 1.7 − 2.3. In the second bin, we consider all
distinct halos and subhalos with parent halos smaller than 2.3Mc ,
within a mass range of M2/Mc = 0.8 − 1.2. We additionally re-
quire the halos in the second bin to increase in mass by the next
snapshot to make sure they could cross the cooling threshold. In
Figure 2, we plot ξ(r). We find that ξ(r) is described roughly by a
power law for r < 1.0 kpc , ξ(r) = 700× (r/0.5 kpc)−1.
Putting all of this together, we find that at z ∼ 10,
dnDCBH
dz
∼ 0.0003
(
∆zsync
0.16
)
cMpc−3, (5)
assuming a required orbital range of r = 0.2 − 0.5 kpc. We also
estimate the abundance for orbital ranges of r = 0.2 − 0.75 kpc
(corresponding to fs ∼ 0.4) and r = 0.2−1.0 kpc (corresponding
to fs ∼ 0.5) and find dnDCBHdz ∼ 0.0015
(
∆zsync
0.16
)
cMpc−3 and
dnDCBH
dz
∼ 0.0036
(
∆zsync
0.16
)
cMpc−3 respectively. We note that
the number density estimated in this section could be reduced due
to metal enrichment from our halo pairs’ progenitors. In §4, we
argue that depending on the LW background, self-enrichment from
progenitors may be a small effect.
3.3 Numerical estimate
We search our N-body simulations for pairs of halos where the first
halo crosses the cooling threshold and the second crosses it as a
subhalo 10-20 Myr later. When considering the mass of the first
halo to reach the threshold, we do not include the mass from its
subhalo partner. After the second halo grows to the cooling mass,
we check that the pair maintains a distance corresponding to the
required orbital zone for 10 Myr. This ensures they are not de-
stroyed from ram pressure stripping yet still maintain Jcrit. We
search through ∆z ∼ 0.25 for three different values of the required
c© 0000 RAS, MNRAS 000, 000–000
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Figure 2. Two-point correlation function, ξ(M1,M2, z, r), at z ∼ 10 for
mass bins M1/Mc = 1.7− 2.3 and M2/Mc = 0.8− 1.2. We use double
the mass for the first bin because for our halo and subhalo pairs, the sum
of both halo masses are included in the distinct (non-subhalo) halo. In the
first bin we do not include subhalos. In the second bin, we consider halos
and subhalos (with parent halos smaller than M = 2.3Mc) that increase
in mass by the next simulation snapshot. At r < 1 kpc, we find that the
correlation function is well approximated by the power law ξ(r) = 700 ×
(r/0.5kpc)−1.
orbital range: 0.2 − 0.5 kpc, 0.2 − 0.75 kpc, and 0.2 − 1.0 kpc.
Based on the box size and our five simulations, the analytic esti-
mates in the previous subsection predict that we will find 1.25, 6.2,
and 15 synchronized pairs respectively for these required orbital
ranges. In the N-body simulations we actually find 2, 5, and 17,
which is in good agreement with our analytic expression. We plot
the mass growth and separation of the pairs for the strictest required
orbital range in Figure 3. As we explain in the following section,
the abundance of synchronized pairs we find is enough to explain
the number density of the brightest z = 6 quasars.
4 FORMATION OF HIGH-REDSHIFT QUASARS
For DCBHs formed through synchronized atomic cooling halos to
grow into the brightest high-redshift quasars, they must end up in
∼ 1012M⊙ dark matter halos by z = 6. The regions that eventually
become 1012M⊙ halos by z = 6 are large-scale peaks in the den-
sity field where halos will form at earlier cosmic times. This will
lead to a locally higher redshift of reionization, which one might
expect to photoevaporate the progenitors of atomic cooling halos,
preventing DCBH formation. However, here we argue that this will
not prevent DCBH formation. Instead it will shift their formation to
higher redshift and potentially increase the DCBH abundance per
comoving volume estimated above.
At z = 10, the redshift we focus on above, the IGM is still
expected to be mostly neutral (see e.g. Iliev et al. 2014). At higher
redshift, the density of the IGM will be greater leading to an in-
creased rate of recombination. Thus, for a large-scale overdense
region to reionize sooner, it must have a higher comoving density
of ionizing photon sources (most likely galaxies in atomic cool-
ing halos). Additionally, the clustering of haloes in an overdense
region will be enhanced, since halos form near the peak of a large-
wavelength k-mode of the density field. Because the number den-
sity will be increased and the clustering enhanced, we expect that
the formation rate per comoving volume of DCBHs will be larger
relative to our estimate at z = 10 (see Eq. 4).
The abundance of quasars hosting ∼ a few×109M⊙ SMBHs
at z = 6 is ∼ 1 cGpc−3 (Fan 2006). In 1 cGpc3 at z = 6 there
are ∼ 5500 halos larger than 1012M⊙ (Sheth & Tormen 1999).
The comoving volume in the regions that become these halos cor-
responds to ∼ 60 times the volume of the 15 cMpc simulation
box we use. Thus, each cGpc3 region has roughly the equivalent
of 60 of our boxes to make a DCBH. Since the DCBH number den-
sity in these regions should be higher than what we calculate, the
abundance of DCBHs created through synchronized atomic cool-
ing halos could be high enough to explain the observed z = 6
quasars. This abundance suggests that we can require an even
tighter synchronization window than the fiducial value used above.
For ∆tsync ∼ 0.2 Myr, there would likely still be enough DCBHs
formed over ∆z ∼ 1 to explain the z = 6 observations. This very
close synchronization could enable the DCBH to form before stars
in the neighboring halo die and expel supernovae winds. Note that
if we require the z = 6 quasars to be in halos much larger than
1012 M⊙, the comoving volume where DCBHs can form and still
end up in these halos goes down significantly due to their small
number density.
An additional concern at higher redshifts is that the LW back-
ground could potentially fall low enough such that star formation
occurs in the minihalo progenitors of our pairs of atomic cooling
halos, leading to metal pollution and preventing DCBH formation.
To investigate this possibility, we estimate the change in the red-
shift of reionization for a region that becomes a 1012M⊙ halo at
z = 6 using a simple model based on the extended Press-Schechter
formalism (Bond et al. 1991). We compute the mass-averaged ion-
ization fraction, Q, as a function of time with the following differ-
ential equation
dQ
dt
= Nion
dF (Mmin)
dt
− αBCnHQ, (6)
where Nion is the number of ionizing photons released into the
IGM per hydrogen atom collapsing into a dark matter halo and
F (Mmin) is the fraction of mass that has collapsed into halos larger
than Tvir = 104K, which depends on both the overdensity and size
of the region. The second term on the right hand side is the recom-
bination rate; αB is the case B recombination coefficient, nH is the
IGM hydrogen number density, and C = 〈n2H〉/〈nH〉2 is the IGM
clumping parameter. We find that for C = 3 and Nion = 10, we
obtain an ionization history similar to the simulations of Iliev et al.
(2014) when we apply this estimate to a large region with mean
cosmic density. For a region that becomes a 1012M⊙ halo at z = 6
we find that reionization happens roughly ∆z = 5 earlier. Thus, we
expect that DCBHs could form as late as z ∼ 15 in the regions that
become the largest z ∼ 6 quasars before photoevaporation caused
by reionization could pose significant problems.
Next, we determine the required intensity of the LW back-
ground required to prevent star formation in the progenitors of an
atomic cooling halo that forms a DCBH at z = 15. We estimate
the redshift evolution of the most-massive progenitor with eqn. 7
from Milosavljevic´ & Bromm (2014). There will be scatter for dif-
ferent merger histories, but this formula gives the typical mass as a
function of redshift. Given the halo mass, we can determine the LW
background required to shut off all star formation using the equa-
tions from Fialkov et al. (2013, 2012). We point out that the baryon-
dark matter streaming velocity (Tseliakhovich & Hirata 2010) can
help to prevent star formation in minihalos. We use the “optimal
c© 0000 RAS, MNRAS 000, 000–000
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Figure 3. The mass growth and separation of the synchronized pairs found in our N-body simulations for a required orbital range of 0.2 − 0.5 kpc. The
dashed and solid curves show the mass divided by the atomic cooling threshold of the star-forming halo and DCBH-forming subhalo, respectively. For the
star-forming halos, we have subtracted the mass of the DCBH-forming subhalo which is initially included in the total mass by the halo finder. The dotted curve
shows the distance between the centers (i.e. density peaks) of these halos. The open circles correspond to the time when the halos cross the atomic cooling
threshold, the ∗’s indicate when stars are formed, and the large dark circles indicate the formation of DCBHs. For the left panel, the DCBH-forming halo is
not located by the halo finder until t = 60 Myr due to its small number of particles, but is reliably tracked at t > 60 Myr.
fit” to cosmological simulations from Fialkov et al. (2012) to de-
termine the impact of the streaming velocity on the minimum halo
mass required to host star formation. In Figure 4, we plot the mini-
mum intensity of the LW background necessary to shut off all star
formation in minihalos for different values of the streaming veloc-
ity.
The minimum values of the LW background required are
lower than the predictions of Fialkov et al. (2013), even in the “sat-
urated feedback” case without star formation in minihalos. Addi-
tionally, since our DCBHs forming z = 6 quasars are expected to
be found in overdense regions, the local value of the LW back-
ground could be considerably higher than the mean (Ahn et al.
2009). Thus, metal self-enrichment may not significantly reduce
the abundance of DCBHs estimated above. We note that a star
formation efficiency of 10 per cent was assumed in Fialkov et al.
(2013). If the true value is much lower, star formation may occur in
the progenitors of atomic cooling halos and pollute them with met-
als preventing DCBH formation. However, if only a small number
of stars are formed, it is possible that all of these stars fall in the
mass range leading to direct collapse into black holes without su-
pernovae (40 − 100M⊙). This would prevent metal pollution and
still permit DCBH formation. Since the fraction of halos that would
remain pristine in this way depends on the LW background evolu-
tion and the IMF of pop III stars in minihalos, both of which are
highly uncertain, we leave detailed estimates for future work.
Additionally, we point out that the collapse time computed
above scales as tcoll ∝ (1 + z)−3/2 due to the increase in density
with redshift. This could potentially make it easier to form DCBHs
as there would be less time for photoevaporation and metal enrich-
ment. The increase in density of the gas cores of halos should also
make the cores more self-shielding to ionizing radiation and metal
pollution. We also note that the halo mass corresponding to 104K
scales as M ∝ (1 + z)−3/2. Thus a galaxy forming in an atomic
cooling halo at z = 15 could be nearly a factor of two smaller than
we estimate in §2. However, the difference in luminosity associated
with this mass change is much smaller than the uncertainty related
to the pop III IMF.
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Figure 4. The minimum value of the LW background (in units of
10−21 ergs s−1cm−2Hz−1Sr−1) required to shut off all star formation
in the progenitors of a typical atomic cooling halo forming at z = 15. The
solid, dashed, and dotted lines are for regions with a baryon-dark matter
streaming velocity equal to 0, 1, and 2 times the root-mean-square (RMS)
value, respectively. The percentage of large-scale regions with streaming
velocity greater than the RMS value is 39% (0.74% for 2 times the RMS
value).
5 DISCUSSION AND CONCLUSIONS
We have proposed a new scenario for the formation of DCBHs
based on synchronized pairs of atomic cooling halos at small sep-
aration. For such a pair, stars form in the first halo to reach the
cooling threshold and produce the required LW flux to suppress
molecular hydrogen cooling in the second halo, leading to the for-
mation of a DCBH. The second, DCBH-forming halo must cross
the cooling threshold in a window ∆tsync after these stars are
formed. The size of this window is set by how quickly the gas core
c© 0000 RAS, MNRAS 000, 000–000
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in the DCBH-forming halo is photoevaporated or polluted by met-
als from supernovae winds produced in the other halo. To form a
DCBH we assume that the LW intensity must remain above Jcrit
for tcoll after crossing the cooling threshold. This requires the halos
to remain within a distance range close enough to maintain Jcrit,
but far enough to prevent significant ram pressure stripping of the
DCBH-forming gas core. We note that our assumption requiring
the DCBH-forming halo to be exposed to Jcrit for the entire tcoll
is conservative, as a smaller background will be necessary in the
early stages of collapse while the density remains relatively low.
We use a set of N-body simulations to estimate the abundance
of DCBHs formed in this scenario. We compare this estimate to
an analytic expression for the abundance of DCBH and find good
agreement for three different choices of the required orbital range.
The number density of synchronized pairs found in eqn. 5 for a re-
quired orbital range of 0.2 − 0.5 kpc and ∆tsync ∼ 10 Myr is
dnDCBH
dz
∼ 0.0003 cMpc−3 at z ∼ 10. In §4, we point out that
the large dark matter halos that host the brightest z ∼ 6 quasars
form from large-scale matter overdensities. In these regions, star
formation and reionization will be shifted to higher redshift, how-
ever we argue that there will be enough DCBHs formed to explain
z ∼ 6 quasar observations, even with a tight (∆tsync ∼ 0.2 Myr)
synchronization window. We appeal to the analytic arguments pre-
sented in §4 (rather than directly checking in N-body simulations)
because regions that form 1012 M⊙ halos by z = 6 are very rare.
Studying a statistical sample of these regions will require simulat-
ing a much larger box and resimulating the overdense regions at
higher resolution. We leave this for future work. In §4, we also
compute the strength of the LW background required to prevent
star formation and subsequent metal pollution in the progenitors of
atomic cooling halos.
An advantage of the synchronized halo picture presented here
over previous models of close pairs of halos (e.g. Dijkstra et al.
2008, 2014) is that synchronization may circumvent the obsta-
cles of photoevaporation and metal contamination from supernovae
winds. As explained in §1, the progenitors of a large galaxy produc-
ing the critical LW intensity is likely to have photoevaporated the
progenitors of nearby atomic cooling halos. Provided that the pair
of halos sit in a large-scale region that has not yet been ionized, syn-
chronization solves this problem. The DCBH-forming halo is only
exposed to ionizing radiation for a short period. Metal pollution
from supernova winds could also be prevented by synchronization.
In the high-density regions that eventually become large quasars,
DCBHs likely form at z > 15. At high redshift, the increased den-
sity leads to a smaller tcoll. This, coupled with the fact that Jcrit is
likely only necessary near the end of the collapse, suggests that a
DCBH may only require a strong LW background for a few Myr.
The lifetime of 40M⊙ metal free stars is∼ 3.9 Myr. Non-rotating
stars between 40 − 100M⊙ are expected to collapse directly into
black holes without supernovae (Heger et al. 2003). Thus, a DCBH
could form before stars (smaller than 40 M⊙) die and eject mate-
rial through supernovae. Even if the DCBH was not fully formed by
the time these winds were ejected, the collapsing gas core may have
reached a point with such high density that metals cannot penetrate
(Cen & Riquelme 2008).
The largest uncertainty associated with this scenario of DCBH
formation is the IMF and star formation efficiency of metal free
stars forming in atomic cooling halos. As mentioned in §2, if stars
are mostly small (< 5 M⊙), it may be more difficult to achieve
Jcrit. On the other hand, the short lifetime of more massive stars
makes metal contamination more likely since there is less time for
a DCBH to form before supernovae winds are ejected from the LW
producing galaxy. While DCBH formation may be possible for a
wide range of possible IMFs, it seems that those with significant
numbers of more massive stars will be most favorable. The details
of the IMF and star formation efficiency will determine the precise
values of the required orbital range and ∆tsync.
We note that our simulations included dark matter only. Fu-
ture work utilizing hydrodynamical cosmological simulations with
atomic cooling will be important for better constraining the abun-
dance of DCBHs produced in this scenario. As mentioned above,
it will be beneficial for these simulations to zoom-in on large-scale
overdense regions that become ∼ 1012M⊙ halos at z ∼ 6 to see
the possible DCBH density enhancement discussed in §4.
Overall, we consider the synchronized atomic cooling sce-
nario an attractive way to explain the brightest z = 6 quasars. Sim-
ilar channels of DCBH formation without synchronization may not
be able to produce the required number density of DCBHs when
metal enrichment and photoevaporation are taken into account.
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